Introduction
COPD is a major cause of illness and death worldwide. 1 According to the World Health Organization (WHO), ~3 million people in the world die as a consequence of COPD every year. 2 COPD involves chronic inflammation of the lungs, particularly in the peripheral airways and parenchyma, which increases during periods of acute exacerbation. It is also associated with systemic inflammation, which may contribute to or worsen several comorbidities and may be derived from the "spill-over" of inflammatory mediators from the peripheral lungs. 3 The development of COPD is multifactorial, and the risk factors are both genetic and environmental. 4 Even though traffic and other outdoor pollution, secondhand smoke (SHS), biomass smoke and dietary factors are all associated with COPD, cigarette smoking is regarded as one of the most important contributors to COPD. 5 Increasing evidence showing that smoking is a cause of COPD has been growing for 40 years and has been extensively reviewed in three US Surgeon General's Reports. [6] [7] [8] The estimated fraction of COPD mortality attributable to smoking was 54% for men 30-69 years of age and 52% for men 70 years of age or older. 9 Exposure to SHS, which contains potent respiratory irritants, also leads to chronic airway inflammation and obstruction. A study from the People's Republic of China found that self-reported cumulative lifetime SHS exposure at home and work was related to a greater risk of COPD, as defined by spirometry (Global initiative for chronic Obstructive Lung Disease [GOLD] stage 1 or greater). 10 Another study showed that living with a smoker was associated with a greater risk for COPD. 11 MicroRNAs (miRNAs) are small non-coding RNA molecules that modulate the levels of specific genes and proteins. 12 Identifying the expression patterns of miRNAs in COPD may enhance our understanding of the mechanisms underlying COPD. Several studies have investigated the effects of cigarette smoke on miRNA expression. 13, 14 A total of 70 miRNAs and 2,667 messenger RNAs (mRNAs) were differentially expressed from lung tissues obtained from patients with COPD and smokers without COPD. 15 In recent years, mechanisms of many miRNAs related to COPD, such as miR-145, 16 ,17 miR-146a, 18 miR-106b 19 and miR-223, 20 have been reported. This study also found that 140 miRNAs that were derived from COPD patients and compared to healthy controls were significant and 14 miRNAs that were derived from patients with lung cancer and compared to COPD patients were significant. 21 It is important to discover more candidate markers to distinguish between the different stages or severity in COPD patients for diagnosis and treatment. However, miRNAs caused by smoking in COPD patients still need further research. Circulating miRNAs as stable blood-based markers can be applied to cancer detection, [22] [23] [24] coronary artery disease detection, 25 liver injury evaluation 26 and COPD diagnosis. 27 Several studies found that skeletal muscle-specific miRNAs can be detected in the blood of COPD patients. 28, 29 In addition, another study reported that genotypes of miR-149 were associated with the overall survival of lung cancer patients. 30 To explore differentially expressed circulating miRNAs caused by smoking in CODP patients, we collected blood samples of smokingrelated COPD patients at different stages of the disease and performed miRNA microarray. Finally, we chose one of the differentially expressed miRNAs, miR-149-3p, and studied its mechanism through further in vitro experiments.
Materials and methods ethics statement
The use of human blood samples for this study was approved by the Medical Ethics Committee of The Second Affiliated Hospital of Kunming Medical University. Written consent was received from all participants in this study at the time of sample collection.
Clinical samples
Blood samples from four groups of patients were collected at The Second Affiliated Hospital of Kunming Medical University and stored in liquid nitrogen for further use. Each of the four groups contained 20 blood samples: as control, nonsmoker non-COPD (group C); smoker non-COPD (group S); smoker with stable COPD (group S-COPD); smoker with acute exacerbation COPD (group AE-COPD).
Cell culture and transient transfection
The murine monocytic cell line THP-1 (ATCC, Rockville, MD, USA) was cultured by Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum, 2 mM/L glutamine, 100 units/mL penicillin and 0.1 mg/mL streptomycin, in a humidified incubator (5% CO 2 in air) at 37°C. Cigarette smoke extract (CSE) was prepared by a method modified from a previously described protocol. 31 Briefly, one cigarette was bubbled through 25 mL of DMEM at a constant rate, and this solution was considered as 100% concentration of CSE. The 100% CSE was freshly generated for each experiment and diluted to a final working concentration (10%) and used within 30 min. To analyze the effect of miR-149-3p, cells were passed into six-well plates (3×10 7 cells/plate), and after ~24 h at 37°C, they were transfected with miR-149-3p mimics, inhibitors or negative control (NC) with Lipofectamine 2000. Subsequent processing was completed according to the study protocol.
rna extraction and mirna microarray
Trizol (Thermo Fisher Scientific, Waltham, MA, USA) was used to extract the total RNAs from blood samples or cells. Then mirVana miRNA Isolation Kit (Ambion, Austin, TX, USA) was used to purify small RNAs in accordance with the manufacturer's protocol. The concentration and purity of RNAs were determined by optical density 260/280 readings using spectrophotometer (NanoDrop ND-2000). By using the RNA 6000 Nano Lab-on-a-Chip kit and the Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA), RNA integrity was determined by electrophoresis.
Microarray assay was performed by KangchengBio Corporation, Shanghai, the People's Republic of China. The RNA extract from six blood samples in each group was used for microassay analysis by miRCURY LNA™ microRNA 
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repression of Tlr-4 by microrna-149-3p in COPD Array according to the manufacturer's instruction. Threshold values of 1.5-and −1.5-fold change were used to identify the differentially expressed genes. The data were log 2 transformed and median centered by genes using the Adjust Data function of Mev (Multiexperiment Viewer) software (DanaFarber Cancer Institute, Boston, MA, USA) and then further analyzed with hierarchical clustering with average linkage.
Quantitative polymerase chain reaction (qPCr) analysis
Total RNAs of 60 blood samples (20 in each group) and cells under different treatments were isolated and purified. The samples with OD260/280 ratio 1.8 were reversely transcribed using a GoScropt™ Reverse Transcription System Kit (Promega, Madison, WI, USA) according to the manufacturer's instructions. The expressions of selected miRNA were analyzed using qPCR with a Go Taq ® qPCR Master Mix kit (Promega) on StepOne Plus PCR System (Applied Biosystems, Carlsbad, CA, USA). glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control, and 2 −ΔΔCT method was used to calculate the expression of miRNA.
The primers for qPCR analysis are given in Table 1 .
Western blot
Cells were lysed in radio-immunoprecipitation assay buffer. Protein concentrations were determined using the BCA Protein Assay Kit (Thermo Fisher Scientific). Protein samples were boiled, then separated on polyacrylamide gels and transferred to polyvinylidene fluoride membrane (EMD Millipore, Billerica, MA, USA). Membranes were incubated overnight at 4°C with anti-Toll-like receptor 4 (TLR-4) (Abcam; diluted 1:500) and anti-nuclear factor κB (NF-κB) p65 (Abcam; diluted 1:5,000), or anti-GAPDH antibody (Abcam; diluted 1:5,000). GAPDH was used as an internal control. After washing with Tris-HCl Tween buffer solution, the blots were incubated with a horseradish peroxidase (HRP)-conjugated secondary antibody (Santa Cruz; diluted 1:2,000) at room temperature for 1 h. The blots were visualized by Pierce ECL Plus Western Blotting Substrate (Pierce) following the manufacturer's instructions. Immunoreactive bands were detected with enhanced chemiluminescent HRP substrate (Millipore).
Immunofluorescence
Cells were fixed with 4% paraformaldehyde solution for 20 min at room temperature and then washed with phosphatebuffered saline (PBS). Triton X-100 (0.5%) in PBS was used for permeabilization of cells. Then, the cells were blocked with 10% fetal calf serum (FCS) for 1 h at room temperature and incubated with anti-TLR-4 (Abcam; diluted 1:200) and anti-NF-κB p65 (Abcam; diluted 1:500) overnight at 4°C. After washing with PBS, the cells were incubated with secondary antibody. Nuclei were counterstained with 4′,6-diamidino-2-phenylindole for 5 min at room temperature. Images of the staining were taken with a fluorescence microscope (Thermo Fisher Scientific).
enzyme-linked immunosorbent assay (elIsa)
Levels of tumor necrosis factor-α (TNF-α) and interleukin (IL)-1β in treated cells were measured using an antigen-based sandwich ELISA. Mouse TNF-α ELISA Kit (Elabscience, E-EL-M0037c) and Mouse IL-1β ELISA Kit (Elabscience, E-EL-M0049c) were used, and the absorbance was measured at 450 nm using a microplate spectrophotometer (Thermo, Multiskan GO).
statistical analysis
Data of miRNAs expression from the four groups were analyzed using Bonferroni's multiple comparison test. Differences between groups in in vivo experiment were determined by an unpaired Student's t-test method using the Prism (GraphPad Software Inc., La Jolla, CA, USA). A P-value 0.05 was considered to be statistically significant.
Results

smoking-induced different expression levels of mirnas including downregulation of mir-149-3p
To explore differentially expressed circulating miRNAs caused by smoking in COPD patients, we collected blood samples from group C, S, S-COPD and AE-COPD. We performed total RNA extraction and miRNA microarray. Among 689 types of human miRs that could be detected by the probes, the expression levels of 56 miRNAs were changed between the four groups ( Figure 1A ). Based on the data of fold changing (unpublished data), six members, including miR-3202, miR-26a-5p, miR-451b, miR-96-5p, miR-301a-5p and miR-149-3p, were selected for qPCR validation. We observed that miR-3202, miR-26a-5p, miR-451b and miR-149-3p, were down-regulated in the S, S-COPD and AE-COPD groups. miR-96-5p was reduced in the blood samples of group S compared to group C, while in the S-COPD and AE-COPD groups, it showed significantly higher expression. Besides, miR-301a-5p exhibited low expression levels only in COPD smokers with acute exacerbation period ( Figure 1B ).
Decreasing mir-149-3p caused upregulation of Tlr-4 in ThP-1 cells stimulated by Cse
As miR-149-3p was down-regulated in the three smoking groups, we performed CSE stimulation treatment on the THP-1 cell line. Concentration of IL-1β and TNF-α was significantly increased in the CSE group compared with the NC group (Figure 2A) . qPCR results show that miR-149-3p was significantly reduced by CSE stimulation ( Figure 2B) . Through bioinformatics prediction, we found that TLR-4 may be a target gene of miR-149-3p. The direct regulating effect of miR-149-3p on TLR-4 was verified by a dual luciferase assay. Reporter assay revealed that overexpression of miR-149-3p significantly suppressed the luciferase activity of wild TLR-4 3′ untranslated region (UTR) plasmid in THP-1 cells (P0.05) without change in luciferase activity of mutant 3′UTR TLR-4 plasmid ( Figure 2C and D) . Moreover, CSE stimulation caused up-regulation of TLR-4 at both the mRNA and the protein levels ( Figure 2E and F) . The proteins downstream of TLR-4, mainly NF-κB p65, showed increased expressions in the CSE group. Consistent with these observations, immunofluorescence results showed similar changes in TLR-4 and NF-κB p65 protein levels ( Figure 3A and B).
Transfection of mir-149-3p inhibitors activated Tlr-4/nF-κB p65 signaling pathway
To validate the down-regulation of miR-149-3p, we induced the activation of TLR-4/NF-κB p65 signaling pathway.
miR-149-3p inhibitors were transfected into THP-1 cells. ELISA assay revealed that IL-1β and TNF-α significantly increased in the miR-149-3p inhibitor group compared with the NC group ( Figure 4A ). The mRNA level of TLR-4 was increased ( Figure 4B ), and protein levels of TLR-4 and NF-κB p65 were up-regulated in miR-149-3p inhibitor group compared to the NC group ( Figure 4C ). The immunofluorescence assay further confirmed that miR-149-3p inhibitors induced the activation of TLR-4/NF-κB p65 signaling pathway ( Figure 5A and B) .
Transfection of mir-149-3p mimics reversed the expression of Tlr-4 in Cse-stimulated ThP-1 cells
To examine whether CSE affected the generation of inflammatory cytokines, we passed the THP-1 cells through miR-149-3p. THP-1 cells were infected with miR-149-3p mimics after CSE stimulation treatment. As shown in Figure 6A , miR-149-3p was increased in the transfected miR-149-3p mimics group as compared with the NC group. The ELISA assay demonstrated a significant decrease in IL-1β and κ TNF-α ( Figure 6B ) levels. The qPCR analysis showed that TLR-4 mRNA expression levels decreased in transfected miR-149-3p mimics group, and Western blots showed suppression of TLR-4/NF-κB p65 signaling pathway induced by miR-149-3p overexpression ( Figure 6C and D) . Images of immunofluorescence assay further confirmed this result ( Figure 7A and B).
Discussion
We conducted a comprehensive analysis of miRNA in wholeblood samples from four different groups: non-smokers, smokers, catabatic period smokers with catabatic period COPD, and smokers with acute exacerbation period COPD. Our results revealed 56 differentially expressed miRNAs between the four groups. Validation with qPCR found that miR-3202, miR-26a-5p, miR-451b and miR-149-3p were significantly down-regulated in the three smoking groups compared with the non-smoking group. miR-96-5p expression was reduced in the blood of the normal smoking group compared to the normal non-smoking group, while in the two COPD groups, the expression of miR-96-5p was significantly higher. Besides, miR-301a-5p showed low expression levels only in the acute exacerbation period in smoking COPD patients. A comprehensive analysis of the miRNAs showed many of the same miRNAs that have been reported to play an important role in the occurrence and development of COPD. For example, our miRNA microarray showed that miR-145 was increased in blood samples in COPD patients compared with normal people, and Perry's study suggested that miR-145 negatively regulates proinflammatory cytokine release from airway smooth muscle cells in COPD by targeting SMAD3. 16 The role of miR-26a has been investigated in the modulation of an inflammatory response in cultured microglia, and it was found that miR26a modulated inflammatory response induced by TLR-4 stimulation. 32 In addition, another study found that miR-149 is down-regulated in osteoarthritic chondrocytes, and this decrease seems to be correlated to increased expression of pro-inflammatory cytokines such as TNF-α, IL-1β and IL-6. with endothelial dysfunction through p38MAPK-mediated down-regulation of miR-149. 34 Furthermore, miR-149 is considered as a tumor suppressor to various tumors, such as renal cell carcinoma, 35 colorectal carcinoma 36 and hepatocellular carcinoma. 37 miR-149 is expressed in many tissues and thus plays different roles.
In this study, miR-149 was decreased in the smoking group compared with the non-smoking group. Down-regulation of miR-149 probably plays a key role in the pro-inflammatory cascade in lungs and bronchi. It has been shown that the C-containing genotypes of miR-149 rs2292832 are associated with a better overall survival of non-small-cell lung cancer, 30 while another study reported that there was no association between miR-149 rs2292832 polymorphism with lung cancer risk in Chinese non-smoking females. 38 Therefore, miR-149 expressed in lungs and bronchi may be affected by smoking. To explore this mechanism further, we predicted a target gene of miR-149 through 3′UTR sequence analysis on Targetscan, miRanda and DIANA-microT and performed simulated experiments in THP-1 cells. Simulation of CSE resulted in a decrease in miR-149 expression and an increase in the expression of its target gene, TLR-4. Furthermore, transfection of miR-149 inhibitors induces the up-regulation of TLR-4. Finally, miR-149 overexpression reverses the effect of CSE on THP-1 cells. We speculated that the miR-149 negatively regulates the inflammatory response in THP-1 cells by targeting TLR-4. Previous reports found that miR-149 might be a key player of the immune modulator for TLR/MyD88 signaling pathway in macrophages. 39, 40 TLR-4 is regulated by members of the let-7 miRNA family. The induction of let-7e expression could decrease the TLR-4 expression on the cell surface of liver-derived cholangiocytes. 41 Our study shows that the change in miR-149 expression caused the alteration of TLR-4 and NF-κB p65 protein levels. Many studies have investigated the expression of TLRs on both immune and epithelial cells in COPD. [42] [43] [44] Nadigel et al 45 demonstrated that CD8 + T cells exposed to cigarette smoke condensate increased TLR-4 and TLR-9 levels and also increased cytokine production. Another study found that acute cigarette exposure results in lipopolysaccharides-independent TLR4 activation, leading to IL-1 production and IL-1R1 signaling, which is crucial 713 repression of Tlr-4 by microrna-149-3p in COPD for cigarette smoke-induced inflammation leading to COPD with emphysema. 46 Geraghty et al 47 found that mice exposed to acute levels of cigarette smoke exhibited increased TLR-4 expression and TLR-4 signaling, through MyD88 and IRAK1, which play a predominant role in matrix metalloproteinase 1 (MMP-1) induction. We observed TLR-4, NF-κB p65, IL-1β and TNF-α levels after miR-149 overexpression or knockdown. Results revealed that miR-149 suppresses inflammation through targeting TLR-4.
Conclusion
Our study demonstrated that smoking can induce differential expression of circulating miRNAs, such as down-regulation of miR-149-3p. Reducing miR-149-3p may increase the inflammatory response in COPD patients through the regulation of TLR-4/NF-κB signaling.
